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SHIP STRUCTURE COMMITTEE

MEMBER AGENCIES: ADDRESS CORRESPONDENCE TO:
BUREAU oOF SHIPs, DrrrY. OF NaAvVY BECRETARY
MILITART 834 ‘fRAANSPORTATION SZavicE, Ozrr. ©F NAVY BHIP STRUCTURE COMMITTEE

t UNiTED STATES COAST GUARC, Trzasuay DEet, U. 8. Toist GUARD HEADQUARYTERS
MARITIME ADM NISTRATION, Durt. OF COMMERCE WASHINGTON 28, D. C.

AMERICAN BUREAU OF SHIPPING

January 30, 1953

Dear Sir:

As part of its research program related toc the
improvement of hull structures of ships, the Ship Structure
Committee has sponsored an investigation on the "Correlation
of Laboratory Tests with Full-Scale Ship Plate Fracture Tests™"
at Psnnsylvania State College. Herewith is a copy of the
Final Report, 55C-30, of the investigation, entitled
“"Correlation of Laboratory Tests with Full-Scale Ship Plate
Fracture Tests", by E. P. Klier and M. Gensamer,

The project has been conducied with the advisory
assistance of the Commitiee on Ship Steel of the National
Arzdemy of Sciences-National Research Council.

Any questions, comments, criticism or other matters
pertaining to the Repert should be addressed to the Secretary,
Ship Structure Cormittee,

This Report is being distributed to those individuals
and agsncies associated with and interested in the work of the
Ship Structure Committes.

Yours sincerely,

Rear Admiral, U, S. Coast Guard
Chairman, Ship Structure Committee
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ITRODUCTION
The role of materials in the ship fracture problem is obvious.

If such materials were not susceptibie to brittle failure, the
problem would cease to exist. With the cbjective of a final
evaluation of weldable steels as to tﬁeir sultability for merchant
vegsel construction, a wide experimental program was initiated by
the Board of Investigation to Inquire into the Design and Methods
of Construction of Welded Steel Merchant Vessels(1)* and continued
by the Ship Structure}Committee(2’3). It was the objective of ﬁﬁe
research program conducted at the Pennsylvania SSat;>College under
Bureau of Ships Contract NObs-31217 to coirelate the work conducted
for the Board and the Ship Structure Committee. This final repart
attempts, therefore, thse correlation of the results of the entire
"materiel" research program as conducted between 1S4% and approxi-

mately the end of 1950. This program, in abbreviated outline, is
gilven below.

MATERIALS BESEARCH EROGRAM
The specificetlona for thim Liberty ship c2llad for a m2diuvm
steel. Such steel can be furnished in rimming, semi-killed, and
fully killed grades. In order tc supply a series of steels which
would have appreciably different fracturs characteristvics in the

projected tests, the steels listed in Table A were supplied by
different mills. These steels have been generally designated as

*For numbers in parenthesis see Bibllography
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"project" steels. These steels were studied extensively under the ‘ ;ﬁ
eooperative research programs conducted at the University of Califor- :
nia, the David W. Taylor Model Basin, the University of Iilincls,
the New York Naval Shipyard, the Pennsylvania State College, and
Swarthmore College.
- The research programs conducted at the respective laboratories
vere designated as follows:
Ravic W. Iavlor Model Basin: (a) Flat plate tests. :
The University of Califérnia, Project SR=92: (a) Flat plate =
tests, (b) large tube tests, (¢) similitude tests, (d) |
bend tests, (e) full-scale hatch corner tests.
Ihe University of Illinois, Broject SR=93s (a) Flat plate
 tests, (b) impact tests.
Ine New York Naval Shipvard, Preject SR-104s (a) Standard %
impact tests, (b) Navy tear tests.

Swarthmore Colilege, Projsct SR-98: (a) 12~inch plate tests,

(b} aspect ratio tests.

Ihe Pennsvlvania State College, Project SE-96s (a) Impact
1 tests, (b) slow bend tests, (c) edge-notched bar tension

test, (d) low-temperature tension tests, (e) strain-gradient
measurements.
In addition to tiie above tests conducted ail or im part oa
the project steels, tests were run on certain additional mild and

high strength steels. The augmented testing program included the




indicated tests run at the following laboratories:

Uodvergity of California, Project SR-92: (a) Restrained
welded specimen tests on high strength steels, (b) edge-

notched bar tension tests (c) 1l2-inch plate tests.
David W Zavlor Model Basin, Broject SR=109s (a) 12-inch
plate tests on mild steels taken from fractured Liberty
ships, (b) edge-notched tar tension tests.
New York Naval Shipvard, Prodect SR=104: (a) Tear tests
on selected mild and high strength steels.
The results of the tests conducted on the above program will
be discussed at length in the following, but before these data

are examined it may prove profitable to consider certain generali=-
zations which may be made with reference to the ductile-brittle
transition and which must be consicdered in the ultimate evaluation

of the ship fracture problem.

DUCTILE~BRITTLE TRANSITION PHENOMENA
The ductile-brittie transition as it is encocuntered in mild
steel. has in the past generally been associated with the impact
test. In the impact test it is customary to give the results in
terms of the work required to break a specified test bar. This

work to failure has been fourd to vary with temperature for a

suitable test specimen as in Figure l(u). Thus at relatively high

temperature much work is required to fracture the specimen, while

at relatively lower temperature littlé work 1s required tc fracture
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the specimen. The high temperature condition is known as the ductile
or tough condition, while ths low temperature condition ls Known

as the brittle condition, with the intermediate range being desig-
nated as the transitional range, or the ductile-brittle transition.

Of the many factors which modify the ductile-brittle transi-
tion in mild aueel, unquestionably the most important is the stress
system. It is not possible considering present knowledge to discuss
fully the phenomena associated with the ductile-brittle transition,
as the stress system is arbitrarily varied; but certain reasonably
integrated date are now available for consideration on this point.
In the sections immediately below, the behavior of steels tested
under certain uniaxial, biaxial, and triaxial stress systems* will
be considered.

Following this.the criteria of the ductile-~brittle transition
will be noted, and generalizations concerning metallurgical struc-
ture, fatigue, velocity of loading and size effect, as pertinent,
will be introduced. _ |

Uniaxial Stress Loading -- The Tensile Test: If a mild steel
is tested in tension in an apprcpriate temperature range, a transi-
tion tb brittle behavior will be observed as is indicated in Figure
2. This transitional behavior is comperable to that observed in
the impact test on ndtchad bars, but the test bar used here is a
standard test bar and does not contain an artificial notch. Thus
it may be concluded that an external notch is nct required to induce

*The terms "uniaxial, blaxial, and triexial" are somewhat loosely
apPliod and at best apply with good approximation only during the
initial steps of loading.
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brittleness in such steels, and the brittleness obmerved must be
considered an iatrinsic property of these materials tested in tension.

In ths further analysis of tensile test data, it is informa-
tive to compare the yleld strengths and the fracture strengths as
is done in Figure 3. It is evident that the transition from ductile
to brittle beshavior takes place at a temperature at which the yield
and fracture strengths are in near coincidence. This does not per
se praclude ductile behavior, but this phenomenon has been used
explaining brittle behavior. Thus, Le Chateller(3) has argued that
the coincidence of the yield and fracture strengths would serve to
loecalize plastic distortion with a consequent reduction in energy
absorption. On the other hand, Ludwik(6), in a‘consideration of
comparable data, has proposed that two strength factors exist,
namely, fiow'and ffacture strengths, and, in general, the flow
strength is less than the fracture strength. When the flow strength
atsains a va"ue equal to that of the fracture strength, failure
ensues. In both of these analyses of the ductile~brittle transition,
the nature of the fracture process is not exﬁlained. There is no
differentiation, therefore, of two classes of fracture phanomena
as indicated by the terms shear (fibrous) and normal (cleavage) type
failures. This latter differentiation should be made, as from a
practical point of view it may be important.

The introduction of the concepts of two fracture types on the

fracture, flow-strength, temperature diagram was first undertaken
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by Davidanov(7) and has subsequently been variously modified as
for exampie in Figure 4(8)., fThis type of diagram is phencmeno-
logical in character and does not aid in a basic understanding of
the fracture process. It is, however, an informative construction
and because of this has proven to be of considerable value.

It is interesting to consider the change in fracture appearance
as a means of differentiating ductile from brittle failure. Fracture
type data are plotted in Figure 1 for comparison with the energy
absorption data, and it is seen that the two transitional phenomena
do not agree. This is a point well worth emphasizing, for as will
become® evident below, the non-agreement in the transitions in energy
absorption and fracture appearance is the rule for small specimens;
and it is only for very limited conditiors that agreement in these
two transitions is achieved.

" The treatment of tensile test data by the method of Ludwik,

while initially holding promise for a solution of the problems

assoclated with the intrusion of brittleness in mild steels unler
certain conditions of testing and use, have under further inspection
proved to be unsatisfactory. This does not mean, however, that
tensiie test data may not ultimately prove of much importance in
the analysis of the fracture behavior of steels.

Thus, it may be that the fracture characteristics of a steel
are intimately connected with the ability of that steel tp pro=-

pagate straiﬁ(g). The propazation of strain is envisaged as




"

depending on two quantities, namely, a work hardening exponent and
a velocity coefficient which is simiiar to a viscosily coefficlsent.
These two quantities are not easy to separate and cannot be
separated in the standard tensile test. By testing at a series

cf temperaturez in the vicinity of that of liquid sir, however,

it can be shown that the strain hardening exponent )] defined by
the oqua.tionO?CéEﬂ, varies with the temperature.*

Extreme values for the project steels studied are presented
in Pigure 5. These date at prdaqnt cannot be used directly to
predict the fracture characteristics of mild steel, but it is
significant that the steel showing the minimum value of 77 at low
temperature has the nighest transition temperature in the notched
bar tests.

Biaxia) Stress Loadings Three sets of data will be considered
luri comprising the results of sphere(lo), tube(u), and torsion
tostauz). For the sphere, to a close approximation,; the stress
system 1s balanced biaxial tension; for the ftubes it is blaxial
tenslon with a variable ratio of the principal stresses; for the
torsion test, the principal stresses are a tensils stress and an
equal compression stress.

The spherical test specimen diagrmmmed in Figure 6 was mads
of a ateel comparable to Project Steel A. The fracture charac-
teristics of this specimen were studied at nmumerous temperatures,

7\ here 18 a complex quantity comprising both a strain hardening
nt/loand a velocity coefficient?! .. These two guantities
sannot be separated by geans of the data collected here.
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; with the pertinent data being summarized in Figure 7. It 1s evident
from this figure that for the temperature range covered there is
indicated no transition in ductility, despite the fact that by
fracture appearance this transition was observed at about 60°F.

It should be noted that the presence of a flaw .n the sphere (as
pernaps arising from a faulty weld) was a positive embrittling
factor.
For purposes of comparison, slow=bend test data for this steel 4
are described in Figure 8, wherein it is revealed that the transi-

tion as indicated by fracture appearance for the two tests is in

good agreement. This perhaps suggests that failure of the spheres

; took place only after the development of effective notches in the

;i course of straining, with these notches bringing about failure.
The tube spe.imen which was tested in biaxial tension is '

shown in Figure 32. The test data are summarized in Table 3(11),

The temperatures of testing of the tubes are so far apart that

it is not possible to state transition ranges, but the transition

in fracture appeararice lies at about 70°F., while the transition
in ductility presumatbly lies at a somewhat lower temperature‘ll). |

It is interesting to note, hcowever, that for these tubes either

welds or structural defects were primarily responsible fér failure,

and therefore these tube specimens in the main may be considered as

having failed prematurely. In other words failure of the tubes was

initiated by some localized stress raiser and only indirectly by the
principal biaxial stress system.
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The sphere and tube tests were conducted on specimens which
may be considered as large compared to standard laboratory test
specimens. Despite the size of the specigens, high ductility was
observable, particularly in the sphere tests, and presumebly in-
dicated in the tube tests in the absencg_of crack initiators and
at temperaéureéhwhich must be ;Qnsidered as low for the steel being

used. On the other hand, for bcth the sphere and tube tests the

transition in fracture appearance occurred at relatively high

temperatures, and these temperatures are sensibly those predicted

by small scale notched specimen tests. r
In comparison with the sphere and tube tests, the torsion

tests conducted by Larson(12) may ve considered as small scale

tests, and the element of size effect entars in the consideration

of transition phenomena. The test bar used by Larson is indicated

in Figure 9 and was made from steels C and E. The test data re-

ported are not sufficient to describe fully the transition phenomena,
but the transition in energy absorption definitely lies telow

-190°C, while the transition in fracture appearanze definitely lies
above -190°C, but below ~70°F. It will be noted that for these steels
the transition in ductility in the tension test lies above -190°C.,

The above results may be summarized briefly by stating that the

loading of a specimen in biaxial tension will not in. gemeral lead

to brittle failure uniess the temperature is excessively low. In
& specimen plastic flow is initiated which ultimately leads to the




development of an effective notch. Once this condition is reached
for a large specimen, failure may result by the cleavage mechanism,
if the temperature of the specimen is at or below the transition
temperature indicated by a notched specimen such as, for example,
the slow bend test specimen.

From the torsion test data it may be emphasizad that the
cleavage fracture and the temperature ranges in which it is found
for a given steel is by no means relatable to a basic reference
temperature which has a simple physical significance. Presumably
in the compression test these steels would have no ductile-brittle
transition.

Triaxial Stress Loadings Perhaps the simplest way in which
a triaxlal ‘stress system can be developed is by the introduction
of a notch in & bend test member. In general the more acute the

notch, the more marked is the triaxiality of the resultant stress

: sistem, but for an edge-notched bend bar this stress system has in
general the characteristics indicated in Figure 10(13)e This stress

system'ié complex and cannot be used directly to interpret notch-
bend-bar test results, but it has been observed that, in general,
the more acute is the notch in the test bar, the higher is the
temperature at which the transition from ductile to brittle behavior
occurs, Figires 11 ana 12(1%%,

It will be noted, however, that again as befcre there may be

diuéreement in the transition temperatures revealed by energy
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absorption and fracture appearance, cf. Figure 11. For the V-notch
specimen, however, it 1s indicated, cf. Figurs 12, that under cer-
tain conditions of testing full agreeme nt in the two criteria of
ductile~brittle transition does obtain.

The test data which are reviewed in this report will have been
largely obtained for notched specimens; therefore, specimens in
which triaxial stress systems obtain. The magnitude of these stress
systems will be largely unknown, and for this reason it ﬁay appear
surprising that correlation of a consistent nature is at all possihle
In anticipation of this objection, it is noted that both on theore-
tical and experimental grounds, there are indications that the
triaxiality of the stress system arising from ﬁotch action has a
liniting valuc<15’16). The theoretical aspect of this problem has
been thoroughly discussed by Néuber(13), vhile the results of Zeno
and Low(17) and Bagsar(le) support the theoretical argument. Thus
beth Zeno and Low, and Bagsar §tudied the effect of notch acuity
on the temperature of the ductile-brittle transition and found that
it could be elevated tc only a limited extent by increasing notch

acuity; Bagear's data are reproduced in Figure 13.

Criteria of ihe Ductile-Brittle Iransition: In the sbove dis-
cussion two criteria of the ductile~brittle transtion have been ex-
amined. Numerous other criteria of this transition have been used
bﬁt-;@cmingly all are more or less intimately assoclated with either

the tramsitior ia energy ebsorption or the transitior in fracture
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appearance. These criteria have been examined by Stout and McGeady
for bend specimens and for the Navy tear test(19). The criteria
for determining the ductile-brittle transition may be summarized

as follows:

Berd Specimen: fracture appearance, lateral contraction, bend
angle, energy absorption to failure, maximum nominal load;

Iensicn Tear Spegimens: fracture appearance, laterél contrac-
tien, enefgy absorbed to initiate crack, energy absorbed to propagate
crack, nominal tensile strength, nominal yield strength;

Notched Iension Specimens: fracture appearance; lateral cone-
traction, elongation, energy absorbed to failure, energy absorbed
to maximum load,; and nominal tensile strength.

Of the above critéria, the most easily interpreted are energy
absorption and fracture appearance. That certain of the other
criteria may on occasion be misleading is indicated by consideration
of the idealized dlagram, Figure 1%, taken from Osborn, et al.(20),
The significance of these criteria has been discussed by Vanderbeck

and Gensamerca)a 3

Matallurgical Structure and the Ductile-Brittle Iransition:
The steels which are of interest in the construction of merchant
vessels must be of welding grodes, and, therefore, steels which can
undergo only limited metallurgicel structural changes. In general,
modifications of metailurgical structure which are possibly beyond
the &s~-rolled structure result from normalizing or cold straining

operations, the latter of which usually leads to strain agihg.
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Normalizing, when it clearly brings about a reduction in ferrite
grain size, may profoundly lower the ductile-brittle transition(al)
but when normalizing is effected without appreciable change in
grain size, this lowering of the transition temperature may not be
fully realized. As indicated by Lehigh Slow Bend test data, Figure
15, the optimum lowering of the transition temperature obtains for
& normalizing temperature of about 1650°F. At normalizing tempera-
tures appreciably above and below 1650°F., this treatment may not
be efficacious.

Cold atrailning, in general, is considered as undesirable and
leads to an elevation of the ductile-biittle transttéon as rsvealed
by standard impact test data, but that the effects of cold straining
may be complex is indicated in Figure 16‘22). For the notched im-
pact bars the transition temperature was found to rise regularly
with incrsasing strain. For the unnotched impaect bars, however,
the transition temperature passed through a maximm at about 10%
elongution. '

Eatigue apd Ihe Ductile-Britile Irapsition: Pertinent data
on the effects of fatigue on the ductile-brittle transition are
summarized in Figure 17(23), It is clearly evident from this figure
that as futigab damage increeses, the ductile-brittle temperature
is adversely modified and 1s olevated by about the same order of
magnitude ag resuits from strain-aging.
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Normalizing, when it clearly brings about a reduction in ferrite
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grain size, may profcundly lower the ductile-britile tramsition
but when normalizing is effected witnout appreciable change in
grain size, this lowering of the trenaltion temperature may not be
fully realized: As indicated by Lehigh Slow Bend test data, Figure
15, the optimum lowering of the transition temperature obtains for

a normalizing temperature of about 1650°F. At normalizing tempera-
tures appreciably above and below 1650°F., this treatment may not

be efficacious.

Cold straining, in ganeral,‘is considered as undesirable and
leads to an elevation of the ductile-brittle transttéon as revealed
by standard impact test data, but that the affects of cold straining
may be complex is indicated in Figure-l6(22). For the notched im-
pact bars the transition temperature was found to rise regularly
with increasing strain. For the unnotched impact bars, however,
the transition temperature passed through a maximum at about 10%
elongation. , SETLAE |

Eatlxue and Ihe Iuctile-Brittle Trapsition: FPertinent data
on the effects of fatigue on the ductile-brittle transition arse
sumparized in Figure 17€(23), It is clearly evident from this figure
that as fatiguo damage increases, the ductile~brittle temperature
is sdversely modified and is elevated by about the same order of
magnitude ag resulis from strain-aging.
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Yelocity of Loading and the Ductile-Brittle Transition: The

strees conditions in notched specimens are frequently complex beyond
the powers of convenient mathematical analysis. For this reason
alone loading effects cannot be considered in terms of trus strain
rates. However, it is known that for a given specimen the rate of '
loading may alter appreciably the temperature of the ductile-brittle
transition. The manner in which this alteration is brought about
is not at present clear and the limited data available are in some
mea sure ambiguous. This is illustratad by a consideration of Figura
1a§?“). Here are plotted transitions in energy absorption and frac-
ture appearance for several of the project steels tested in tension
impact at several impacting velocities.*

It will be noted that the curvatures of the respective lines
for energy abserption and fracture appearance are inverted and
in this sense are inconsistent. That the curvature of the fracture
appearance lings are the more nearly correct may be surmised from
an attempted extrapolation of the energy absorption curves to higher
impacting velocities. If this is done consistent with the data
given in Figuro 18, first steel A aid ultimately steels Dr and D
will be evaluated as of less merit than either steel C or steel E.
Since this conclusion does not seem warranted, on the besis of
other test data obtained on these steels, it 1s surmised that the
energy absorption curve undergoes a: change of curvature perhaps

as indicated in Figure 19. The shape of the transition temperature;
velocity curve may be attributed to the experimental testing

¥These veiocities are converted from energy values and ars considered
as approximate only.
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conditions and probably is not of fundamental importance. It 1is
jmportant to note, however, that the transition temperature is
sensitive to the velocity of loading; and in a test where the
transitions in energy absorption and fracture appearance coincide,
it would asppear that the ductile-brittle transition should increase
monotonically with velccity of loading to develop a curve as drawn
in Figure 20(1“). This latter curve reveals that an increase in the
loading rate from that encountered under static loading conditions
(heed movement 3 inches per min.) to that encountered in impact
testing (head movement 18 feet per sec.) produces a displacement
of the transition temperature of +70°F. It will be noted that
loading rates appreciably less than those encountered in impact
loading may still result in an elsvation of the transition tempera=~
ture curve.

£ize Effect and the Ductile-Brittle Iransition: The term
Wgize effect" as used in a2 discussion of the mechanics of the
loading and deformation of different sized test bars presupposes
the use of similar test bars. The term cannot be extended with
this rigorous restriction to a considerstion of the ductile-brittlis
transition, because of intrinsic defection from the requirements
of'sinilarity, experienced in the testing of the larger test bars.
The modification of the ductile-brittle-éransition by "siée effect"

must be discussed with this reservation in mind.
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Extensive resesrch which 1s summarized by Fettweis2’) bas
shown conclusively that the ductile-brittle transition for similar

specimens is higher, the larger ths specimen. This for a given

steel in an appropriate tempera ..re range leads to a ductile-brittle

transition with increasing size as is indicated in Figure 21. This
phenomenon is critical in the problem of merchant vessel fallures,
in that because of it small-scale laboratory tests have not been
available for use in predicting the fracture characteristics of
structures. However, this difficulty can seemingly be overcome

in the bend specimen by the use of a suitably formed sharp notch.
Thus with a pressed notch of 0.0015 inch root radius transitions
in lateral contraction and fracture appearance for a Schnadt-type

' slow=bend bar were in full agreement and constant as specimens di-

mensions were varied from 0.39%% by 0.39% by 2.1 inches to 1.187
by 1.172 by 2.1 inches(1¥),

The engineering properties of metals are also modified by
size effect. These properties have been extensively studied but
are modified to only’a limited degree by the ductile~brittle

transition and so will be reviewed in a later seaction.

g | IHE IESTING PROGRAM
In the analysis of the ship fracture problem, early appraisal

of knowledge on the subject of the ductile~brittle transtion in-
dicated that “size effect” was largely responsible for these

RIPTLE EIE v R,
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failures. The testing program, therefore, was organized to include
large-scale tests along with small-scale tests, the latter dcalgned
to attain correlation with the large-scale laboratory tests.

Toward tﬁe develomment of a large~scale laboratory test, ex-
ploratory work on flat plate specimens was completed at the David
W. Taylor Model Basin(26), The largest size specimen tested was
12 by 3/% inches with an internal notch, Figure 22. Pertinent
details of the internal notch are given in Figure 23. Specimens
with suitable notch geometry were tested in both 6~ and 12-inch
widths at appropriate temperatures. Pertinent results are
summarized in Figured 2% and 25.

From Pigure 2k, it is evident that a minimum length notch
must be used in this type of specimen to insure consistent re-
sults for comparison purposes, and this length has been standarized
as one fourth of plate width.

In keering with the discussion on size effect it was expected
thet the plate tests would give transition temperatures which would
bs relatively lower thgn those for a ghip structure. By an adjust-
ment of nctch acuity this condition could be minimized. The results
obtained in the study of notch terminus radius are given in Figurs
25, where it will be noted that jeweler's saw cut was the most
gevere of the notches studied. This notch terminus was used through-
out in subsequent flat plate testing.

3 R
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Of the large~scale tests the most completely explored were
the internally notched flat plate teats in the 12-, 24-; 48~ amnd 72-
inch widths(11,27), Several additional specimens 108 inches in
width were tested. A drawing of the test specimen is given in
Figure 26, and 8 picture of the 72-inch plate specimen in the

tensile tegt machine is given in Figure 27.

The data of the original flat plate test program indicated
that the results obtained with the 12" plate specimens are equiva-
lent to those obtained with the 72-inch plate specimens, and the
subsequent flat plate testing at Swarthmore College(28) has been
limited to the 12-inch wide specimen in which L = g, see Figure
26, This gpecimen in place in the testing machine and ready for
teating i{s shown in Figure 28. The Swarthmore dats which are con-
sidered in this report were obtained with this specimen. This fact
is noted to eliminate confusion with the later modification of this

test specimin for the Swarthmore sspect-ratio test program. Data
from this progrem will not be considered in this report.
It was recognized that the data which were obtained in the

various tests could not be applied directly to the problem of

ship failures without further testing, preferably on a ship structurs,
but under controlled conditions. Full-scale ship tests meeting the
above restrictions are conceivable but hardly feasible, so the full
scale hatch corner test was devisod(29).' The objectives of the hatch
corner testing program included: (a) the detamination of the ductile-
brittle transitional behavior of selected project steals fabricated
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into hatch corners of the basic design, and (b) the redesign or
modification of the basic Liberty ship hatch corner detail. This
first program was essential to the integration of the flat plate
testing'program with structursl behavior.

The test specimen based on the basic hatch corner design is
given in Figure 29. The method of testing behavior in testing are
iﬁ some measure indicated from a consideration of Figures 30 and 31l.

The basic hatch corner specimen wa:s tested in numerous modifica-
tions and several additional new @esigns were also tested. Detalls
of these design alterations must be sought in the original report(29),

Because of its size, it is not possible to test a full width
of ohip's deck in way of the hatch opening. The specimen selected,
dee Figures 29, 30 and 31, was as large as could be accommodated in
tho.tosting machine of greatest capacity then avaiiable.

.The pr&blen of brittle ship failures wes recognized as arising
from the action of stress raisers such as structural discontinuities,
sccidental nctches, etc:. The large-scale test program as outlined
above took cegnizance ofw;his fact, and all specimens possessed
effective stress raisers. The magnitudes of these multiaxial stresms,
however, were not known; and it appeared desirable to explare the
field of multiaxial stress in astructures. To this end large tube
tests vere designed such that the temperature of testing could be
flried over wide controlled limits, while the longitudinel and
hoop stresses in the shel; could be varied regularly through pre-
scribed values to fracturd(3°). This test-apeciuen is shown in
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Figure 32. (The dats obtained with this type specimen have alrsady
besn discussed.}

The completed program of tests on large-scale specimens in-
dicated that the mild steels tested all experienced brittle failures
at temperatures above about 20°F. Since temperatuics of this order
and 1ow;f are reéﬁlarly encountored\in service, it appeared desir-
able that the ductile~brittle transition phenomsna in certain high-
yield strength.structurai steels be 2xamined. 8Since these steels
were to be examined for possible wmerchant ;essal use, tha'full-scale
model hatch corner test specimen would be a logical specimen to
test, but because of thn high strength properties of the steel used,
the capacity of the tensile machine would be exceeded by this speci-
men. For this reason the restrained welded specimen given in Figure

33 was éssigned(31). This specimen ready for testing is presented
in Pigurs 34, Comparable tests for the 12-inch flat plate spscimen,
previously described, were also run.

The specimens described above are, in all instances, large
specimens and are too large for rcutine laboratory testing, It
vas necessary, therefore, that experimentatiorn be undertaken to
explore the possibilities of the correlation of small-scale labore-
tory test results with those obtained in the large-scale tests. In
the course of this expefimentation the specimens given in Figure 35

ware variougly used.

i. Ergisct Steals. .
The data obtained for the project steels will be considered
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following which the further data obtained cn the augmented program
will be examined. The ductile-brittle transition data are considered
first.

4he Ductile-Brittle Irapnsition -- Project Steelg: Over a period
of many years the ductile-~brittle transition has been extensively
studied in the impact test. For this reason one of the first steps
in the examination of the project stesels consisted in the determina-
tion of the impact transition curves for standard test conditioms.
Data so obtained for the standard keyhole end V-notch Charpy test
bar are preszented in Figures 36 and 37.

The impact transition curves are draswn as smooth curves which

vary regularly through & range of temperature from the maximum value
of energy absorption, or ductile condition, to the minimum value of
energy atsorption or brittle state. Comparison of transition tem-
perature ranges becomes possible from such curves, but occasional
irrcgulari@ios in individual curved preclude this method of com-
parison from beihg gnerally appliéable. Further, the comparison

of energy absorption--temperature curves is not a desirable method
of eveluating the fracture characteristics of steels, as this is

an unwieldly procedure. It has been general practice, therefore,
to select some energy absorption value as & reference value for
evaluating impact transition temperatures. Thus a commonly used
method specifies <that ténporaturq, as the transition temperature,
-atrwhich the snergy absorption for a standard keyhole Charpy
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specimen equals 20 ft. 1bs. Other methods have required that
1/% maxioum, 1/2 maximum ¢¢ maximum energy absorption can be

specified as the reference criterion.

The impact transition temperatures as specified above may prove
fully acceptable for control purposes, but it is probable that with
the exception of the maximum energy absorption value, these arbitrar-
ily specified transition temperatures are not suitable for a funda-
mental study of the fracture problem. Thus it has been argued that
the gradual decrease of enzrgy absorption through the transition
range, for the V-notch Charpy bar, is an effect resulting from the
fracture tshavior of the meétal on the compression side of the test
war(32), 1t this wem true, the elimination of the compression side
of the test bar, as is effectively done in the Schnadt-type bar,
should eliminate the characteristic broad transition range indica-
ted, for sxample, in Figure 37 ( as shown by the slope of the curve
in the transition range). The data in Figure 38 reveal that an

elimination of this broad transition range does obtsin when the

compression zone of “the impact bar is removed(1*), The impact test
transitica temperatures for the nroject steels. by the indicated
criteria are summarized in Table C.

. It has been indicated eariier that certain of the steels which
are bveing considered here are especially sensitive to strein rate.
In the impact test an unknown factor due to strgin rate sensitivity
predludes the adjustment of the impact data to predict static notch-
bar test results. The impact test, however, can be used with this
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reservation in mind, to examine steel quality, thus for example,
to indicate the effects of strain-o zrain sizs, plate thicke-
ness, etc., on the fracture behavior of a given steel. Groups of
data which may be compared on this basis are presented in Figures

39 to 45. These data show that the ductile-brittle transition is
markedly elevated by increase in grain size (plate thickness con-
stant) and by increase in plate thickness (grain size approximately
constant). Variations from plate to plate within the heat tested
are not large as shown in Figures 41, 42 and 43.

It is needless to discuss the steps taken in the development
of suitable correlation tests, by means of which the ductile-brittle
transition in the large plate tests could bes predicted. Such tests
have baen Geveloped in several directions as may be gathered from a
consideration of the data presented in Figures 46 to 54. These
figures summarize all pertinent data relevant to the temperature of
the ductile~brittie transition in the project steels (see Table 4).
Some few test results have not been included because of the in-
completeness of the date. ‘

From Figures 46 and 47 1t will be seen thet virtuslly complets
agrecmbnt in the transition temperature data cttains for the largeée-~-
and small-scale tests that have been repcrted. By analogy this

- statement can reasoradbly be eitendod to embrace all the project
steels as Figureé¢ 48 to 54 show. There is little question, there-
.fore, that the ductile~brittle transition temperatures, for such

steels loaded under static conditions in structures, can be predicted
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with & relatively high degree of accuracy. 4s will follow from a
consideration of the results raported from the 3~inch edge-notched
tension test, it is necessary to specify the criteria of the duc-
tile-brittie transition for restricted tests, with, in general,
fracture appearance being the most suitable criterion for correlating
the results of the small-scale tests with the lerge-scale test re-
sults.

Zensile Strength and Size Effects -- Project Steels: 4 struc-
ture is designed to carry a prescribed load, and in the interests
of economy this load should be as great as possible amd yet safe
from fallure. Experiencz has shown that in meeting thess combined
needs the nominal ténsile strength is not a suitable criterion of
tho-strength of a structuro but must be modified by a safety factor.

Since safety factors are regularly used in_structural design,
it should not, perheps, be unsuspected to find that in the flat
plate tests a marked drop-off in tensile strengly accompanies end
increass in plate size, as shown in Figure 55. The drop-off
steels (of 59,000 to 65,000 1b./sq.in. tensile strength) frequently
amounts to about 1/3 of the tensile strength so that the tensile
strength value for 48-inch internally notched plate lies between
35,000 and 45,000 1b./sq. in. Hatch corner test data, however,
show that the reduction in tensile strength indicated for the flat
plates is not the maximum to be observed, for nominal tensile

strengths as low as 25,000 1b./8q. in. observed, for nominal tensile
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strengths as low as 25,000 1b/sq.in. have been reported for the
hatch corner tests. In other words a reduction in tensile sirengih
by 50% can arise in & structure.

The reduction in the tensile strength in the hatch corner
tests 1s in large measure a design problem, as is indicated in
Figure 56. Redesigning is frequently relatively simple; but while
marked improvement in strength can be achieved in this manner, this
can be done oinly by the virtual elimination of all important local
stress raisers. Accompanying this increase in tensile strength there
ies a2 more Or less general increaﬁe in ductility which is very
desirable. ' ’

In the emamination of Figure 56 it is noted that wide varia-
tions in energy absorption values have been obtained. This may be
ceastruedvaa & lowering of the transition range for the steel, a
conclusion, however, that should be avoided. The model hatch cor-
ners were all made of steel C wiich in the large plate tests has
a transition temperature of +100°F. The test data which are com-
pared in Figure 56 were all obtained at 70°F., and all fractures
were by cleavage. Speclmen 35 failed by cleavage which was initiated
at an acclidental arc strike incidental to the welding of the struc-
ture. A discussion of matters pertinent to this behavior will be
andertaken below.

iI. Additiopal Tests.
The testing program vhich has been ‘reviewed in the previous
gaction can be expanded in two obvious directions, the first of

T OESS
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which consists in en attempted correlation of the properties re-
vealed in the above tests with the properties of the same materials
in a ship structure. The second consists in the exploration of

the possibility of improved structural materials. Limited ex-
perimentation in these two directions has been completed and is

“considered bslow.

£ractured Liberty Ship Plate Testss It wes generally azcsepted

during the formative stages of the research program under consider-
ation that the brittle problem in Liberty Ships was directly a
size-effect problem. Thus for the small-scale tests a low transi-
tion range might be expected, and this transition range would be
displaced to increasingly higher temperatures as the size of the
test bar was increased. Figuratively then a full-size ship should
characterize a more or less definite transition range for a speci-
fied steel, and this would lie at a higher temperature than that
for a small-scale test bar. By this predicate, a ship could be
85 safe from brittle failure as long as the operating
temperature vas sbove that of the transition range, but it wouild
becyme highly susceptible to brittle fracture once the tempera-
ture fell below that of the transition range. By this principle
of behavior 1t becomes reasonably convenient to attempt suitable
correlation between the many laboratory test results and full-
gcale ship behavior.

~ Thus, for sxample, of ths several ships which broke in two,
a restricted few failed under well-documented Zonditions of tem-

pereture and loading and vere accessible for experimental purposes.

| s o
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From these ships, therefore, plate pertinent to the initiation,
propagation and terminaticn of the crack could be removed for lsbora-
tory testing, particularly in the interests of a precise determina-
tion of the ductile~brittle transiticn in the small-scale tests.
Since the correlation attempted in this manner assumes that the
temperature at which the ship broke will reveal the temperature cof
the ductile~brittle transition for the ship, the small laboratory
tests should allow the determination of any needed correction factor
for ship plate evaluation by megns of the small-scale tests. Test
data pertirent to this correlation for the 12-inch flat plate speci-
men have been reported for two ships, tne "Fierre S. Dupont" and .
the "Ponaganset"(33),

The “Pierre S. Dupont" suffered brittle fracture during a severe
vinter storm at sea on February 10, 1948, with the air/water tem-
peratures reported as 279/420F., respectively. Details of the loca-
tion of the plate available for testing and the specimen lay-out are
given in Pigures 57 and 58. The T-2 Tank Ship "Ponaganset" broke
in two on December 9, 1947, while moored and under a hogging load,
with the air/water temperatures teing repcrted as 349/41°F, re-
spectively. Details of the plate location for specimens from the
"Fonaganset" are given in Figures 59 and 60. In both the ships
studied the cracks were initiated at about air temperature which
allewe fixing the apparent transition ranges at about 30°F. for the
“Fierre S. Dupont" and at about 35°F. for the "Ponaganset”.
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The chemical anslyses of the plates removed from these two ships
are given in Table D and the mechanical properties are given in
Table E. The results of the 12 inch flat plate tests are given
graphically in Figure 61, while the various transition temperature
data are accumulated in Table F. The data for the 1l2-inch flat

plate tests on the fractured ship plats indicate the transition tem-
.peratures for the plates tested lie betweén WOOF. and 1109F. These
data indicate that these plates through which the crack propagated
hed transition temperatures above the apparent transition tempera-
tures of the ships and hence‘extended fractures should havé been
possible. »

. 49848 of Qther Steels: The high yleld strength steels which i
vwere studied et the University of California could not be fabricated
into full-scale hatch corner test specimens because of load restric-
tions én the available testing machine. A reduced sized specimens
called the restrained welded specimen was tested instead. For com-

parison purposes steels Br and C were tested using this specimen,

and the data obtained have already been presented. The restrained

welded specimen gives nearly the same transition temgperatures for
the_twc 2teels as does the full-scale hatch corner test. The re-
sults obta}ned for the high yield strength structural steels using
;hiﬁ specimen will, therefore, be considered as equivalent to the

full-scale hgtch corner tests run on the project steels.

Ml ek, i
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The chemical compositions, thermal treatment, and mechanical
properties of the high yield strength structural steels studled
are presented in Table G. The transition range data are summarized
in Figures 62 and 63, and transition temperatures are accumulated
in Tabdble H.

In brief, these data reveal that much reduced transition range
is possible with selected HYS steels but that a low transiticn
temperature is not assured by the use of such steels. Further, it
is evident that the good correlation that obtained among the respec-
tive tests for the project sﬁeels is not typical, as transition
tqnperatures given by the 12-inch flat plate HYSS specimen are as
mch as 50°F. removed from those given by the restrained welded
specimen.

The nominal tensile strength wvalues of the restrained welded
specimen of the HYS steels studied here may drop to as low as 35
to k0% of standard room temperature coupon test values, but the
.average nominal strength of the specimens tested was approximately
65% of the standard test bar tensile strength.

e Studlez of Xaup aid Imbenbg: The wurvey of the ductile-
brittle transition phenomena in the Navy tear test by Kahn and
Imbembo{3%) has been especially revealihg because of the large
number of different types of steels which have been studied with
this test. Since the transition phenomena assoclated with this
test have already been described for the project steels, it will

e
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be sufficient to consider here only the transition temperature data

which have been accumulated. Detalils of the chemical composition

and thermal treatment of the steels studied are presented in Tables

I and J, and the transition temperature data are presented in Figures

64 to 68.

- From the tebulated data it is seen that the work included the

testing of:

a.

be.
c.
a.

XY

Semi-killed medium steels
1. iNormal mepganese contents

2. Higher nanganéso contents

Fally killed medium steels
. Vanity-type high-tensile steels

Medium steeis of several thicknesses

Steels finished by non-conventional mill practices.

hany of the steels were also tested after stress-relieving and

normalizing _reatments.

The following generalizations, which have been stated previously,

are emphasized in a zonsideration of these data:

-

b.

The transition temperature for a given steel is lower, the
lesser is the finished plate thickness, cf., Figure 6k.
The transition tempefature for a given steel is lower; the

smaller is the ferrite grain size, and the reduction in

trénsition temperatura by the reduction in grain size'may

be of large magnitude.
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b.

Normalizing when accompanied by a reduction in the ferrite
grain size may reduce the transition temperature &y as much
as 150°F., but when a reduction in grain size does not
accompany the normalizing treatment, the reduction in
transition temperature may not be present. 1In this latter
case wvhen g reduction in transition temperature is noted,

it is normally of small magnitude.

in addition to the above generalizations, it may also be con-
eluded that:

Fo: the as-rolled condition, there is a probable slight re-
duction in the.trnnsition temperature as the deoxidatioa
pfactice varies to produce from a rimming to fully killed
ciais of Eomparable steels, This reduction is more marked
for aluminum treated steels.

An adjustment of the (hn/C) ratio to higher values does not
ensure a reduction in transition temperature for the as-
rolled plate, For such steels, however, a normeslizing
traafment may produce a reduction of the transition tem-
psrature by as much as 40OF., cf., Figure 65. This re-
duction seemingly is brought about by a reduction in
ferrite grain size.

The lighter plate for the high (Mn/C) ratio steels con-
sistently shows the smaller ferrite grain size, and this
grain size is not materially reducgd by normelizing. The
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grain size in heavier plate in the normalized condition
approaches that representative cf the light plate, and
similarly the transition temperatures for the heavier
plate approach those of the light plate.

d. In the stesls studied the McQuaid-Ehn grain size was of
minor importance in determining the transition temperature.

e. Stress-relieving treatments werse not observed to improve

the fracture characteristics ¢f the plate studied.

RISCUSSION |
The experimentel data which have been: presented, indicate that
much of the steel which has been used in Liberty and Victory ship ‘

sonstruction may ordinaril& be expected to fall with brittle frac-

tqres ﬁt fhe temperatures at which these ships regularly operate.
That the ductile~-brittle characteristics of these steels, then, do
not of necessity determine\the structural behavior of the steels
must follow, since most Liberty and Victory ships continue to
operate satisfactorily. From this it follows that either the
correlation of 1abof§tory tests with ship structural henhavior is
precluded by the operation of unknown quantities, or that the factors
which modify the transition temperature of a steel are improperly
combined in the tests to simulate the conditions of ship operation.
That the :ecoﬁd alternative is the more probable follows from
a considération of Figure 69. Here are presented maximum nominal

strength deck stress levels, determined for ships of a type considered
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here under operating comditions, and it will be noted that these
stress values are very much less, for all conditions of loading,
than the comparable stress values measured in the hatch corner
Tasts.

In examining the apparent incompatability of the laboratory
test results with full-scale ship behavior it becomes desiirable
to examine more closely the significance of the ductile-brittle
transition as determined in the small-scale tests, amd to re-examine
the conditions of loading in both the laboratory tests and in a ship
structure. Of these the ductile-brittle transition will be considered
first.

' ghg,nnésglgrazigsgg Transition: The aprearance of brittle
tr@ctures in mild steel specimens has bsen shown to be possible in
unnotched tcﬁsile bars tested at a sultable low temperature. None
of the steels which have been studied are brittle in this way at
ahip 6perat1ng tgmberatures. Such brittleness in ships must result,
therefore, from the existence of effective notches in extre

structural members. Such notches may arise from design or from de-

fective workmanship, or from a variety of incidental factors such as

arc strikes, the welding of clips to the deck, etc. It is further

possible that effective notches may arise from the action of fatigue.
It is evident, therefore, that the effective notches that exist in
two ships of the same design may vary over a considerable latitude
of 1htehiit168 in cdfresponding areas. Houwever, the design of a ship
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»ay be such that the incidence of severe effective notches is high,
a Case thal proved to 59 true in the basic Liberty ship design.
When effective notches arise in this vay, design changes mayvbe
introduced to bring about a structure which then becomec as re-
sistant to brittle fracture as the structural materials will
allow. An effective stress raiser may not be a design feature
of the ship but may arise from operations involved in tying down
cargo, the welding of clips to the deck, or from fatigue action.
The significance of the ductile-brittle transition observed in the
swall-scale tests with respe§£ to ship structural behavior must
center then from the outset on a consideration of tie intensities
of noFch action possidle in a ship structure. Such knqwledge will
be ;n:omtm in the design of small-scale tests to predict the
frgnsitidp temperature of a ship structure under essentially static
loadingrconditiops. |
The most severe notch that can be in a ship structure will re-

»gg;t frpm fatigue action. This is a notch which from earlier dis-
cussion mey be considered as having attained a limiting stress
raising capaéiﬁy aﬁd should characterize a limiting maximum transi-
tién range. Under static conditions of loading the ship structure
possessing & f;tigﬁe notch as the effective stress raiser would
then have its highest transition temperature.

| If the effective notch is not a fatigue crack, in general
under atg}ic loading the metal in the notch may be expected to



~35-

reach the yield point and deform dbefore t.ue adjacent material.

Even in a relatively mild notch, however, the stress in the notch

. may exceed the fracture stress of the metal before ylelding takes
place in the adjacent material. Once this happens, a cragk will
form which if propagated brittlely the structure will fail with a
transition temperature characterized by this crack, thus with a
_t:ansition temﬁerature in agreement with that determined for the
fagiguo crack in the same structure.

 When the effective notch in the ship structure is sufficiently
114 so that plastic flow is possible in regions outside the notch
béforé_cracking takes place in the notch, extensive plastic distor=-
-tica;ot the structure is possible to failure.

Under conditions of static loading it is useful to know the
nnximﬁm f?ﬂperatufe at which brittle fracture can occur and this
1: a ténparature determined by the most acut; nctch available--the
fitizuogérnck. This temperature is important for it would appear
that all ship fr‘éinres originate in notches aequal in intensity to
tatikue craéks,'and ifthis is so thet latent tramsition tempsrature
of the ship, wvhen this ship is made of mild steel, must be high.
Undar static conditions of losding to failure this high transition
: tenboriturc would be realized. | |
 Under service conditions the ship would possess a still higher
' transition temperaturs dus to the dynamic corditions cf loading,
but brittle failure thus to be expected is not normally realized.
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That brittle fallurs does not take place must arise because of
differences in loading under the laboratory and service conditions.
These deviations in loading conditions will now be considered.

Loading Conditions in Structures: Nominal tensile stress
values of 10,000 1b./2q. in. are not regularly experienced in the
strength deck of>ships in operation, whereas, the nominal stress
in the hatch corner test specimen was measured at 25,000 1b/sq. ini
it_fgiluxc. In an examination of this question a consideration
of the load-elongation disgram for a 1l2-inch plate specimen &s given
in Figure 70 is informative. On this diagram the load 1is specified
at which the initial crack is formed. A consideration of the num-
erous stress-strain diagraﬁs included in the indicated refarence(aa)
fevoa;s'phat this crack is regularly formed very early in the course
of the test and at a load of about 5/7 the tensile strength deter-
mined in this test. The ratio of the load to initiate cracking to
the!maximum io#d increases Somewhat ﬁhen tﬁe specimen fails with
low energy absorption, but in this case also the initial crack is
“@rmally present for some time prior to tailure.

In & ship structure the conditions of loading are aot such
that & crack can be 1n1t1§ted and propegated slowly to fracture
,of the atructuro‘ On the contrary the loading cycle due to ﬁinﬂ
laadins and wave action can be expected to be quite short with
a cog;oggent ?1mpact? type of loading being experienced. With
thia'type lcading thé structure may be overloaded for but a
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relatively short time, following which the overload 1s released.
The problem of fracture in the ship then is resolved into two
components, namely, & loading factor and a time factor. The in-
terplay of these two factors may be quite complex and mayhmodify
nized. The response of the ship steel to such loading cycles will
now be considered.

~ 8ince the loading rate experimnced by the ship can be relatively
high, the transition temperature considered typical of the ship
constructed of a given steel must be elevated by a proportionate
‘velocity factor over that experienced under static loading conditicns
I1f the ship is operating at a temperature that lies in the range of
brittle behavior, two conditions must now be fulfilled befores
cleavage failure will result. The ship must be overlcaded; 1,@.,
the stress in the effective notch must exceed the fracture strength
of the stesl, and secondly, this stress must be maintained suffie
ciently long to allow the crack to be initiated and propagated.

. It i3 recognizsd that all cleavage fractures are generally
preceeded by some, though slight, amounts of strain. It 1s also
accopted that tha crack is developed in the initial stages of its
life at adow rate but is propagated at a high rate. From thig
1t ix concluded that a short but important time interval must
“slapse before a fast woving cleavage crack can be established.

This time intarvﬁl.for a given steel must depend on the temperature
and ﬁhp sacunt of overloading &xporicncod in the critical section.
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No data are now available to allow & discussion ¢f these quantities.
However, it is expected that those stsels which have the lower
transition temperatures, as determined by the laboratary tests, will
be the most effective in suppressing bricvtle crack formation in
ships.

Qéiglﬁhggl Selection: In the consideration of steel selection
for future merchant vessel construction restricted lines of action
are possible. The extreme approaches to the ship fracture problem
are first, the relaxation of materials fracture specifications with
the expected elimination of the fracture problem by control of design
and second, the éetting up of a fully reliable fracture specification
test, with the relaxaticn of design restrictions.

The latter approach 1f readily realized would probably prove
desirable from the point of view of construction, but the ductile-
brittle transition studies which have been completed to date indicate
that uvcoﬁstruction'ﬁrogram based on this philosophy of materials
selection would lend to the rejection of a large percents
steels which could be supplied for ship construction. This is
obviously an unacceptabls solution.

. The alternstive approach to the ship fracture problem, that
of controlling ship fractures by design control, has been used in
the construction of the Victory ships. These ships continued to
operate satisfactorily until the winter of 1951-1952, at which time
>sevbrnl serious failures occurred. This suggests that design 1mpro§e~
ment without consideration for the fracture charﬁcteristies of the

steel 12 not the final answer to the ship fracture problem.




It is not the purpose of this discussion to advance a given
test for the purposes of specification needs, but in the interests
of close coordination of such tests with service fallure, two
quantities must be given much importance, and these quantities
are the intensity of the notch and the duration of lcading. Since
the effective notch in determining the fracture characteristics of
a strzmcture is an extremely acute crack, the notch in a small-3cale
correlation test specimen should be sharp. The relative duration
of loading of the specimen would simulate that experienced by the
structure. The testing of even a small test bar over an appropriate
range of temperature should then satisfactorily predict the location
of the ductile-brittle transition for the ship. The transition tem-
perature so determined alone will not predict the performance of the
ship and gives only one extreme value for consideration in antici-
pating ship performance. Qualitatively, however, there can be no
question but that those.steels which have the higher transition tem-
perature will fail more readily in a ship structure than will those
with the lower transgition temperatures. In view of the paucity of
data pertaining to the time and loading effects on the development
of a cleavage crack in mild steels and to uncertainties about load-
ing conditions in ship service, it does not appear possible at this
time tp devise a test that will provide full correlation with ship
performance. '
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